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and multiply substituted recombinant human interleukin-3 (IL-3) variant 700 Chesterfield (SC-65369) have been determined from multidimensional heteronuclear Parkway North, St. Louis MO 63198, USA nuclear magnetic resonance spectroscopic data. Sequential application of distance geometry and restrained molecular dynamics calculations produced a family of 25 convergent structures which satisfy a total of 1812 experimental constraints (1659 proton-proton NOEs, 75 backbone dihedral angle constraints, and 39 pairs of hydrogen bond constraints) with an average root-mean-square deviation from the mean coordinate positions of 0.88(20.15) Å and 1.37(20.13) Å for the backbone and all heavy atoms, respectively, of all residues except 28 to 39. The structure is a left-handed four-helix bundle (comprised of helices A through D) with two long overhand loops (designated as loops AB and CD). Loop AB contains a short fifth helix (helix A') which is closely packed against helix D in an approximately parallel fashion and which has multiple contacts with loop CD. The overall molecular tumbling time (6.5 ns) determined from the 15 N relaxation data was consistent with a monomeric protein under the conditions of the experiment (1 mM protein, pH 4.6, 30°C). The 15 N relaxation data indicate that the helical regions of SC-65369 are quite rigid, while portions of loop AB, loop CD, and the C terminus undergo significant internal motions. Among the structurally related four-helical bundle cytokines, the structure of SC-65369 is most similar to those of granulocyte-macrophage colony stimulating factor (GM-CSF) and the single structural domain of interleukin-5 (IL-5), all of which share a common receptor subunit required for signal transduction and activation of their hematopoietic target cells. Indeed, the C a atoms in the four-helix core of these three proteins can be superimposed to 1.71 Å (SC-65369 and GM-CSF, 62 C a atoms) and 1.96 Å (SC-65369 and IL-5 single structural domain, 58 C a atoms), respectively. When the structures of the IL-3 variant, GM-CSF, and IL-5 were aligned, the conserved and conservatively substituted residues were found to be hydrophobic and buried, with the single exception of Glu-22 (IL-3 numbering), which is strictly conserved but nonetheless fully exposed to solvent. The most remarkable differences between the SC-65369 structure and that of GM-CSF occur in loop AB. This loop in GM-CSF crosses over the top of helix D and passes underneath loop CD on its way to helix B. In contrast, loop AB of SC-65369 passes in front of helix D, similar to the first crossover loop in human growth hormone and granulocyte colony-stimulating factor. In addition, helix A', which is interdigitated into the helical bundle in a manner similar to the helices in the CD loop of interferon-b and interferon-g, exists in a region where short
Introduction
Human interleukin-3 (IL-3) is a 133-residue glycoprotein (Yang et al., 1986) produced by activated T-lymphocytes (Schrader & Clark-Lewis, 1982; Gough & Kelso, 1989; Nishida et al., 1991) , which is important for the growth and differentiation of primitive hematopoietic cells (reviewed by Metcalf & Nicola, 1995) . Secondary structural predictions (Parry et al., 1988 (Parry et al., , 1991 led to its classification as a helical cytokine (Bazan, 1990; Rozwarski et al., 1994) , a family of proteins with a characteristic up-up-down-down four-a-helical topology that serve as important regulators of hematopoiesis, as well as mediating immune and inflammatory responses. The initial biophysical characterization of recombinant IL-3 and IL-3 variants by CD (Freeman et al., 1991; R. Schilling & R. McKinnie, unpublished results) and NMR spectroscopy (Feng et al., 1995) have served to confirm this designation. Stimulation of the IL-3 receptor on immature multipotential and lineage-restricted hematopoietic progenitors, either alone or in the presence of other cytokines, leads to their proliferation and thereby enhances the development of erythrocytes, platelets, macrophages, neutrophils, basophils, and eosinophils (Metcalf & Nicola, 1995) . These properties make IL-3 a promising therapeutic candidate for the treatment of chemotherapy-induced neutropenia and thrombocytopenia (Ganser et al., 1990; Herrmann et al., 1992; Ganser, 1993) . However, pro-inflammatory effects, such as the stimulation of histamine release by basophils (Haak-Frendscho et al., 1988) , degranulation of eosinophils (Lopez et al., 1989) , and the priming of peripheral blood leukocytes for the release of sulfidoleukotrienes, may limit its clinical utility (Biesma et al., 1992; Denzlinger et al., 1993) . In an effort to overcome these limitations, extensive mutagenesis of truncated hIL-3 led to the identification of molecules with 10 to 20-fold greater proliferative and colony forming activity relative to hIL-3, but with only a twofold increase in potentiation of histamine and sulfidoleukotriene release (Thomas et al., 1995) .
IL-3 is related to GM-CSF and IL-5, two short-chain cytokines (Rozwarski et al., 1994) with which it shares a post-receptor signaling pathway (reviewed by Mui et al., 1994) that entails protein tyrosine phosphorylation of the receptor in the membrane proximal cytoplasmic domain by JAK2 kinase (Quelle et al., 1994) and induction of isoforms of the cytoplasmic transcriptional activator STAT5 (Azam et al., 1995) . The receptors for each of these cytokines are heterodimeric transmembrane proteins consisting of a specific low affinity alpha subunit (IL-3Ra, Kitamura et al., 1991; GMRa, Gearing et al., 1989; IL-5Ra, Tavernier et al., 1991) and a common signal-transducing beta subunit (b C ; Hayashida et al., 1990; Kitamura et al., 1991; Tavernier et al., 1991) . Although the alpha subunits are able to bind to their cognate cytokines (K d 0 1 × 10 −7 to 1 × 10 −9 M), this is not usually sufficient to signal (for an exception, see Ding et al., 1994) . Conversely, in the absence of the low affinity subunits, there is no detectable binding of any of the cytokines by b C ; signal transduction relies on formation of a high affinity ternary complex between cytokine and its heterodimeric receptor (K d 0 1 × 10 −10 M; Kitamura et al., 1991; Kitamura & Miyajima, 1992; Takaki et al., 1993) . The three-dimensional structures of GM-CSF (Diederichs et al., 1991; Walter et al., 1992) and IL-5 (Milburn et al., 1993) have been determined by X-ray crystallography and have been found to have a four-a-helical bundle motif that is common among the cytokines such as IFN-g (Ealick et al., 1991) , IL-2 (Bazan, 1992; McKay, 1992; Mott et al., 1992) , IFN-b (Senda et al., 1992) , IL-4 (Smith et al., 1992; Powers et al., 1992; Wlodawer et al., 1992) , M-CSF (Pandit et al., 1992) , G-CSF (Hill et al., 1993; Lovejoy et al., 1993; Zink et al., 1992 Zink et al., , 1994 Werner et al., 1994) , GH (Abdel-Meguid et al., 1987; de Vos et al., 1992; Somers et al., 1994) , LIF (Robinson et al., 1994), and IL-10 (Walter & Nagabhushan, 1995) .
Numerous mutagenesis and epitope mapping studies of IL-3 (Olins et al., 1995; Lopez et al., 1992a; Kaushansky et al., 1992; Dorssers et al., 1991; Lokker et al., 1991a,b) , GM-CSF (Brown et al., 1994; Shanafelt et al., 1991a,b; Lopez et al., 1992b; and others reviewed in Metcalf & Nicola, 1995) and IL-5 Banks et al., 1995; Graber et al., 1995) , as well as mutagenesis of b C (Woodcock et al., 1994; Bagley et al., 1995) , have begun to define the interactions involved in receptor affinity and selectivity. In order to provide a more complete basis for interpreting these studies, we initiated a project to determine the three-dimensional structure of a soluble variant of hIL-3 (SC-65369) using multi-dimensional heteronuclear NMR techniques. In a previous paper, we reported the 1 H, 15 N, and 13 C NMR resonance assignments, the secondary structure, and the chain-folding topology of SC-65369 (Feng et al., 1995) . In this paper, we report the three-dimensional structure and backbone 15 N dynamics of SC-65369. The overall fold of the hIL-3 variant has a mixture of short-chain, long-chain, and interferon-like helical cytokine features (Rozwarski et al., 1994) . The small helix in the first overhand loop was found to be an integral part of the structure with an average atomic r.m.s.d. and rigid-body tumbling motion similar to that of the four-helical core. In contrast, the loops undergo significant internal motions in addition to the overall tumbling. A comparison of the structures of the IL-3 variant, GM-CSF, and IL-5 suggests that the AB loop region could be important for receptor recognition, a hypothesis that is supported by results to be reported elsewhere (B. K. Klein, unpublished results).
Results
SC-65369 is a truncated and multiply substituted variant of hIL-3 (P. Olins & C. Bauer, unpublished results) . It was chosen for study because (1) it is sufficiently soluble and stable for NMR studies, whereas wild-type IL-3 is not, (2) it is fully active in cell proliferation and receptor binding assays (P. Olins, C. Bauer, J. Thomas, W. Hood, unpublished results) , and (3) it is closely related to SC-55494 (Thomas et al., 1995) , a similarly truncated and multiply substituted hIL-3 variant which has a 10 to 20-fold increase in its growth promoting activity and which is undergoing clinical evaluation for reducing the degree and duration of chemotherapy-induced cytopenias. Previously, the 1 H, 13 C and 15 N resonance assignments, secondary structure and chain folding topology of SC-65369 have been determined using 13 C/ 15 N-enriched samples of SC-65369 (Feng et al., 1995) . In addition to the expected four-helical bundle, an unexpected observation was the small helix designated as helix A' in the loop connecting the first two helices (helices A and B). A complicating feature of the analysis was the doubling of a subset of resonances, which could be localized to regions that are close in sequence or space to a proline-rich segment of the first overhand loop. After eliminating the possibility of chemical heterogeneity, these results suggested that SC-65369 exists in two or more conformational forms whose origins are highly localized and that may arise from slow cis-trans isomerization of proline peptide bonds.
Structure calculations
SC-65369 contains 112 amino acid residues and one intramolecular disulfide bond between Cys16 and Cys84. As reported by Feng et al. (1995) , chemical shift heterogeneity was observed for a number of residues with a ratio of intensities of approximately 1:1, and the impact of such heterogeneity on the structure was determined to be rather local because the pattern of resolved short, medium and long-range nuclear Overhauser effects (NOEs) was nearly identical for both sets of signals. Because there is no reliable way to distinguish signals arising from each of the two conformers, a simple averaging method was employed to determine NOE intensities. Whenever heterogeneous chemical shifts were encountered and both resonances exhibited an unambiguous NOE to a third proton, the two NOE intensities were summed and the total intensity was used in the distance classification. When one of the two NOEs was not sufficiently resolved, the intensity of the other, resolved NOE was doubled prior to being classified. Nearly all the measurable heterogeneous sites had virtually identical 3 J NHa , and so no such averaging of coupling constants was necessary. Following this approach, a total of 1812 experimental constraints were used to determine the structure of SC-65369. These are comprised of 1659 interproton distance constraints (14.8 per residue), 75 backbone dihedral angle constraints, and 39 pairs of hydrogen bond constraints. A further breakdown of these NOEs is provided in Table 1 , and their distribution along the sequence is illustrated in Figure 1 (a) .
At an intermediate stage of the structure calculations, the position of the segment spanning from residues 28 to 39 was poorly defined due to the lack of long-range NOEs. A pair of ambiguous NOEs were identified that could be used to help locate this segment as follows. The amide protons of Gly102 and Asp103 both displayed cross-peaks with proton partners that resonate at 4.70 ppm. Examination of the preliminary structures identified the C a H of Asn38 and Asn39, both of which resonate at 4.70 ppm, as likely candidate NOE partners. However, because residual solvent resonates at an identical position, it was necessary to use three-dimensional (3D) ROESY-HSQC data to show that these cross-peaks were due to cross-relaxation (NOE) rather than to an exchange process (results not shown) †. The alternative assignments were investigated by calculating a family of 23 convergent structures with these two NOEs included as ambiguous restraints (Nilges, 1995) . The resulting convergent structures could be divided into two families. In family A (15 structures), both the distance between NH of Gly102 and C a H of Asn38 and that between NH of Asp103 and the C a H of Asn38 were ca. 5.0 Å , while the distance between NH of Gly102 and C a H of Asn39 and that between NH of Asp103 and the C a H of Asn-39 were larger than 7.0 Å . The reverse was true for family B (eight structures), where the distances from the NH groups of Gly102 and Asp103 to Asn39 were ca. 5.0 Å and the distances to Asn38 were greater than 7.0 Å for all structures except one (6.6 Å ). The results indicated that the structures were slightly in favor of both NOEs assigned solely to Asn38. Therefore a family of 25 convergent structures was calculated with both NOEs assigned to Asn38. The use of ambiguous NOEs to locate this segment, while not unequivocal, is nonetheless based on alternative interpretations of experimental data, and none of the conclusions of this study is † On the basis of the work of Liepinsh et al. (1992) , the potential for an NOE from a protonated side-chain carboxyl group can be ruled out. SA , SA , and SA r represent the 25 final converged structures, the mean structure obtained by averaging the coordinates of the individual SA , and the energy-minimized mean structure, respectively. substantively altered by assigning these NOEs to Asn38.
The 25 simulated annealing (SA) structures satisfy the input experimental constraints with no distance violations greater than 0.5 Å or torsion angle violations greater than 5°, and they exhibit only small deviations from idealized covalent geometry and maintain good non-bonded contacts. A summary of statistics comparing these structures to one another and their average, and the violations of experimental restraints, is given in Table 1 . Plots of the average atomic coordinate r.m.s.d. values, the backbone dihedral angles, and the solvent-accessible area for individual residues are shown in Figure 1 (b) through (d), respectively. In the energyminimized average structure, the backbone conformations of all except Asn38, Asn70, and Gln124 of the non-glycine residues fall within the energetically favored regions of the Ramachandran plot ( Figure 2) ; the positive f angle of Asn70 is expected for the i + 3 residue of a type II turn, and Asn38 and Gln124 are in poorly defined regions with few NOE constraints. The superposition of backbone N, C a , C' of the 25 structures is shown in Figure 3 . The structures are well-defined except for the C terminus and the overhand loop between the first and second helices. The average r.m.s.d. between backbone N, C a , C' and heavy atoms excluding the poorly defined long segment (i.e. residues 28 to 39) are 0.88 and 1.37 Å , respectively; when all residues are included, the backbone and heavy atom average r.m.s.d values increase to 1.38 and 1.89 Å , respectively. It can be seen that the helical segments comprising the four-helix bundle and the additional helix (see below) have relatively low average r.m.s.d. values. Indeed, when the average r.m.s.d. is calculated by restricting it to the helical regions, it is reduced to 0.41 and 0.90 Å for backbone and heavy atoms, respectively.
The structure of SC-65369
A ribbon diagram of the minimized average structure ( SA r ) is shown in Figure 4 . The overall dimensions are approximately 45 Å × 37 Å × 30 Å . As suggested in the preliminary NMR analysis (Feng et al., 1995) , SC-65369 is a compact molecule that displays the familiar up-up-down-down fourhelix bundle topology. The core of the structure contains four amphipathic helices, which are designated as helices A, B, C, and D according to the order of their occurrence in the sequence. The first long overhand loop is referred to as loop AB, which can be further subdivided into three portions consisting of a long loop (loop AA'), followed by a smaller helix termed helix A', and finishing with a type I turn that connects helix A' to helix B (turn A'B). A type II turn is found at the C-terminal end of helix B, which results in a chain reversal just before the initiation of helix C. A long segment that lacks regular secondary structure connects helix C to helix D and thereby forms the second and last long overhand loop (loop CD) in the SC-65369 structure.
Analysis of the minimized average structure with the program DSSP (Kabsch & Sander, 1983 ) defines five helical regions †: residues 16 to 26 (helix A), residues 42 to 49 (helix A'), residues 54 to 67 (helix B), residues 72 to 84 (helix C) with residues 82 to 84 identified as having a 3 10 helical conformation, and residues 104 to 122 (helix D). Helix A (11 residues) and helix D (19 residues) form one layer of approximately antiparallel helices, while helix B (14 residues) and helix C (13 residues) form another layer of antiparallel helices. Helix A' (eight residues), which occurs at the end of loop AB, is nearly parallel to helix D. A substantial loss of surface area (ca 25% of each of the four helices) occurs upon formation of the core four-helix bundle, thus indicating that the helices interact extensively. On the basis of visual inspection, as well as the calculated solvent-accessible surface areas, a hydrophobic core can be identified which consists of Ile20, Ile23, Leu27, Leu58, Phe61, Val65, Leu68, Ala71, Ile74, Leu78, Leu81, Leu85, Ile97, Phe107, Leu111, Tyr114, Leu115 and Leu118; most of these residues are in the four helices and are likely to have a significant role in maintaining the global fold of hIL3. The low r.m.s.d. for helix A' in the family of converged structures, the burial of 53% of its surface area, as well as the backbone dynamics data for this region as discussed below, indicate that helix A' is packed tightly to helix D and loop CD, and that it is an integral part of the bundle.
As mentioned previously, loop AB is the crossover loop which serves to connect helices A and B, which are diagonally opposed to one another in the bundle. Thus, loop AB traverses not only the length of the bundle, but also its width. Loop AA', which constitutes the first part of loop AB, is less well † Note that the 3 JNHa coupling constants of His67 (9.9 Hz), Cys84 (8.2 Hz), and Gln122 (6.9 Hz) are inconsistent with their assignment to a helical conformation as made by the program DSSP. The f angles for His67, Cys84, and Gln122 are −89.2°, −89.6°, and −75.7°in the minimized average structure, respectively, while those of His67 and Cys84 are restrained to be between −150°and −90°. (Kraulis, 1991) . The residue numbers indicated designate the beginning and end of each helix as defined by the program DSSP (Kabsch & Sander, 1983) . defined due to the paucity of long-range NOEs in this region. Nonetheless, it is tethered by helix A and helix A' and is placed in front of the N-terminal end of helix D. The backbone 15 N dynamics data described below suggest that this segment is relatively flexible (see Figure 5) , correlating with the high average r.m.s.d. in this region (Figure 1(b) ). In contrast, residues in loop CD exhibit numerous long-range NOEs to helix A', helix B, and helix D, and as a result loop CD is intimately wrapped around helix A' and helix D, as it too traverses both the length and the breadth of the helical core. No NOE evidence was found for loop AA' to pass underneath loop CD, as the analogous sequences do in GM-CSF or IL-4. To be certain that the topology of loop AA' is not an artifact, we carried out two calculations. First, to eliminate the possibility that it was simply a result of being trapped in a local minimum of the empirical energy surface, we built an initial SC-65369 structural model based on the crystal structure of GM-CSF in which loop AB passes behind helix D. Simulated annealing was applied to this model using only unambiguously assigned long-range NOE constraints. At the completion of the simulated annealing procedure, loop AB had moved to the front of helix D, as had been observed in the converged structures. In order to eliminate the possibility that the loop AA' topology was the result of the misassignment of long-range NOEs, we excised the AA' segment (residues 28 to 39) from the starting model and carried out a second calculation in which a family of nine converged structures were generated using only the initial set of unambiguously assigned long-range NOE constraints. The resulting structures indicate that the position of helix A' relative to the four-helical bundle is well conserved without the tethering effect from loop AA', and that there would be severe steric conflict for this loop to connect helix A' to helix A from behind helix D. Indeed, the NOEs from Ile99 to Ala64, Phe107 and Lys110; and those from Ile97 to Ala60 and Phe61 document the close contact between loop CD and helix B, as well as between loop CD and helix D, and this close contact precludes a topology in which loop AA' could pass between loop CD and helix D. Figure 5 . For all backbone 15 N, the mean T 1 /T 2 ratio was determined to be 3.76(20.54). When backbone amide nitrogen atoms that exhibit significant contributions from either internal motions or exchange processes (identified as having either an 15 N 4 1 H5 NOE < 0.65 or a T 1 /T 2 ratio more than one standard deviation from the mean) were excluded, the mean T 1 /T 2 ratio of the subset (55 residues) became 3.91(20.23), from which a global molecular tumbling time (t m ) of 6.50(20.04) ns was estimated.
Backbone dynamics
Using the global t m determined as described above, all data were fitted to equations 1 to 3 in Clore et al. (1990) by optimizing the order parameters S 2 with t e fixed at zero. The relaxation data for 30 residues could be fitted using S 2 alone to within 95% confidence limits, defined as all three calculated relaxation parameters falling within 1.96 times the experimental uncertainties. For residues that could not be fitted adequately with S 2 alone, both S 2 and t e were optimized; an additional 27 residues could be fitted using this simple one-time-scale formalism. More sophisticated models were required for the remaining residues. When R ex was introduced as an additional parameter to 1/T 2 , five residues were fit using (S 2 , R ex ), and an additional four were fitted using (S 2 , t e , R ex ). The extended two-time-scale formalism (S 2 f , S 2 s , t s ) was found necessary to fit 18 residues. The remaining eight residues exhibited deviations of T 1 , T 2 , or NOE between two and fourfold of the experimental uncertainties in all models tested. For these residues, the simplest models were 2 . Blue, 0.8 E S 2 E 1.0; gold, 0.6 E S 2 E 0.8; magenta, S 2 < 0.6; gray, not measured.
chosen that gave the lowest x 2 with no more than two of the three relaxation parameters having significant deviation(s). The sufficiency levels of the models are similar to those observed for other globular proteins (cf. Redfield et al., 1992; Farrow et al., 1994) . The isotropic motion assumption in the model-free formalism thus appears to be valid, even though the three principal components of the inertia tensor of SC-65369 have a ratio of 1.00:0.64:0.40. With an appropriate model determined for each residue, all model-free parameters, including the global tumbling time, were optimized simultaneously. The optimized t m of 6.47(20.02) ns is in good agreement with the initial guess of 6.50 ns derived from the T 1 /T 2 ratio. The best-fit model-free parameters for individual residues are shown in Figure 5 . The distributions of the models required to fit the data and the overall order parameter S 2 are color coded on a ribbon diagram of the average structure in Figure 6 . It is interesting to note that many residues for which the two-time-scale model had to be invoked cluster sequentially. In contrast, residues that required R ex to fit the relaxation data are scattered along the primary sequence, but appear to cluster spatially.
Discussion
The solution structure of SC-65369
The structure of SC-65369 exhibits a characteristic up-up-down-down bundle of four amphipathic helices, with an additional fifth helix occurring at the end of the crossover loop AB. As will be discussed below, the unexpected addition of helix A' and the crossing of loop AB in front of helix D and loop CD is distinct from the other members of the short-chain cytokine family whose structures have been determined. Although the determination of this structure was complicated by the degeneracy in resonances that resulted from the high helical content, as well as by the chemical shift heterogeneity, the resulting structure is of good quality in terms of NOE constraint density and atomic r.m.s.d.
Although the solvent-inaccessible residues in SC-65369 (Figure 1(d) ) are overwhelmingly hydrophobic, several residues with polar or charged functional groups are among those most highly buried in the interior of the structure, i.e. Asp44, Asn52, Arg54, Asn57, Glu106, Lys110, and Tyr114. Inspection of the structures indicates that the three charged residues, Asp44, Glu106, and Lys110 are close to one another and therefore may be involved in an electrostatic interaction. The closest distance between the Asp44 carboxyl oxygen atom (solventaccessible area (SA) 9(26) Å 2 ) and Lys110 N z (SA 0.0(20.1) Å 2 ) is 5.2(21.3) Å in the family of 25 converged structures, while that between Glu106 carboxyl oxygen atoms (SA 0.4(21.0) Å 2 ) and Lys110 N z is 4.4(21.6) Å ; when electrostatic energy was included in the minimization procedure †, the N-O distances for Lys110-Asp44 and Lys110-Glu106 became 3.2 and 2.6 Å , respectively. These distances suggest that a charge interaction could exist among these residues. For many other buried polar residues, interior hydrogen bonds are implicated, but were not included as explicit hydrogen-bond constraints in the structure calculations. The side-chain nitrogen atom of Asn52 (SA 1.1(21. (Feng et al., 1995) , supporting the existence of a hydrogen bond. For Asn57, the side-chain nitrogen atom (SA 0.0(20.0) Å 2 ) is positioned to donate a hydrogen Figure 7 . Ribbon diagram of the minimized average structure of SC-65369 with heterogeneous sites illustrated in gold. The four proline residues in the AA' loop are shown with a ball-and-stick representation. Illustration generated using RIBBONS (Carson, 1991) . 2 ) appears to be distant from any possible hydrogen bonding partners. Inspection of the packing around the Tyr114 ring indicates that it is rather loose, and averaged chemical shifts were observed for the aromatic 2,4-and 3,5-H resonances. The observation of a void adjacent to the Tyr114 aromatic ring is consistent with mutagenesis studies in which substitution of Tyr114 by Trp, which has a larger side-chain with the potential to disturb close packing, nevertheless retained essentially full activity (Olins et al., 1995) . It is possible that the void in the vicinity of the Tyr114 aromatic ring could accommodate an internal water molecule(s) in order to satisfy the hydrogen bonding requirements of the buried hydroxyl group. Interestingly, many of the above buried residues are either evolutionarily conserved or were found to be intolerant of substitutions (Olins et al., 1995) .
In a previous report (Feng et al., 1995) , we suggested that the origin of the chemical shift heterogeneity might be proline isomerization in the proline-rich loop AA'. The current structure lends further support to the hypothesis. Figure 7 illustrates a ribbon diagram of the average structure of SC-65369 with residues that exhibit chemical shift heterogeneity highlighted in yellow. It is striking that the majority of these residues are located in proximity to loop AA', which contains four proline residues whose peptide bond configurations could † Superposition of the backbone (N, C a , C') of the average structure minimized with and without an electrostatic term in the energy function gave an r.m.s.d. of 0.16 Å , thus indicating that including the electrostatics has a minimal effect on the overall structure. not be determined with NOE information (Feng et al., 1995) .
Backbone dynamics of SC-65369
In addition to the three-dimensional structure, the dynamic behavior of SC-65369 was explored by measuring 15 N relaxation parameters. The global tumbling time of 6.47(20.02) ns determined for SC-65369 is consistent with the protein being a monomer in solution, and is in proper relation to its size when compared to results obtained with other proteins of various sizes (e.g. Schneider et al., 1992; Kay et al., 1989; Stone et al., 1992; Kördel et al., 1992; Palmer et al., 1991; Clore et al., 1990) . Figure 5 summarizes the results of the model-free analysis as implemented by Palmer et al. (1991) . It can be seen from the order parameters S 2 , which represents the degree of spatial restriction of backbone motion, that the SC-65369 structure is overall relatively rigid, with the exceptions of loop AA' (residues 29 to 40; average S 2 = 0.60), loop CD (residues 85 to 98; average S 2 = 0.69), and the C-terminal regions (residues 120 to 125; average S 2 = 0.30). In contrast to the C terminus, the N-terminal segment has values of S 2 > 0.80, except for the first measurable residue in the sequence (S 2 = 0.47); this rigidity may be attributed to the disulfide bond between Cys16 and Cys84. This pattern correlates well with the average backbone atomic r.m.s.d. plotted in Figure 5 (h), and further suggests that the dynamic behavior is responsible for the absence of long-range NOEs found in loop AA' and at the C terminus. The helical regions gave average S 2 values of 0.91 (helix A), 0.88 (helix A'), 0.88 (helix B), 0.84 (helix C), and 0.90 (helix D; residues 104 to 119 only), respectively. The large S 2 found in helix A' indicates that it is an integral part of the structural framework.
Extension of the model-free approach allows the analysis of motions on two different time scales. One corresponds to fast motions that occur on the picosecond to nanosecond time scale (t e and t s ), and the other accounts for slow motions on the microsecond to millisecond time scale (R ex ). Although two conformations of SC-65369 appear to coexist in solution, the exchange between the two conformers is slow and appears to be beyond the range that can be detected in the current dynamics studies. Although the origin of R ex may arise from many sources, and is often difficult to assign, residues in SC-65369 that exhibited a significant contribution from exchange (range 0.5 to 2.0 Hz) appear to localize in the vicinity of aromatic rings (Figure 6(a) ): residues 19, 23, 54, 55, 79, and 81 are located in the proximity of Tyr114; residues 58 and 110 are located in the neighborhood of Phe61; residue 110 is also near Phe107; residue 115 is close to Phe113. All these aromatic rings exhibit average chemical shifts. Such a correlation between residues requiring the R ex term and the proximity to aromatic rings has been noted previously (cf. Constantine et al., 1993; Farrow et al., 1994) . Residues in SC-65369 that required the two-time-scale model in order to adequately fit are localized either in the inter-helical connections (loop AA'; t s = 1 to 2 ns; turn A'B: t s = 3 to 4 ns; loop BC: t s = 1 to 2 ns; loop CD: t s = 1 to 2 ns) or at the C terminus (t s = 1 to 2 ns) (Figures 5(g) and 6(b) ).
These results are qualitatively similar to the pattern observed for IL-4 and G-CSF (Zink et al., 1994) , both of which provided evidence for increased motional flexibility in the loops relative to the amphipathic helices. The average S 2 of 0.88 observed in helical regions of SC-65369 is comparable to S 2 = 0.9 and S 2 = 0.84 found in helical regions of IL-4 and G-CSF, respectively. However, unlike G-CSF, wherein many residues required the term R ex to adequately fit the relaxation data, R ex was necessary for only a small number of residues in SC-65369. It was observed in IL-4 that many of the residues with a significant exchange contribution are located near the disulfide bridges, while no such phenomenon was observed in SC-65369. The residues that exhibit slow internal motions in IL-4 (ns scale, two-time-scale model) reside in loop regions or near the termini, similar to the locations found in SC-65369. Although B-factors in crystal structures may be influenced by the external effect of crystal packing forces, it is interesting to note that in both GM-CSF (Diederichs et al., 1991) and IL-5 (Milburn et al., 1993) , loop AB exhibits the highest average B-factors outside of the terminal regions, similar to the atomic r.m.s.d. pattern seen in SC-65369.
The relationship between hIL-3 and SC-65369
Several lines of evidence indicate that the structural features of SC-65369 are relevant for wild-type hIL-3. First, SC-65369 is fully active in both cell proliferation assays (P. Olins & C. Bauer, unpublished results) and in binding to the low affinity IL-3 receptor (J. Thomas, unpublished results) . Similar helical contents were determined for SC-65369 and hIL-3 using far-UV CD spectroscopy at pH 3 (Freeman et al., 1991; R. Schilling, unpublished results) , which is also consistent with the nearly identical secondary structural predictions for these two sequences (Y. Feng, unpublished results). Further evidence comes from epitope mapping with anti-IL-3 monoclonal antibodies. Kaushansky and co-workers have shown that antibodies which recognize residues 21 to 45 and residues 107 to 119 could not bind to hIL-3 simultaneously, suggesting that these two regions were in close juxtaposition in the structure (Kaushansky et al., 1992) . Examination of the structure of SC-65369 reveals that these two sequences, corresponding to helix A-helix A' and helix D, are indeed adjacent to one another (see Figure 4) . Finally, an analysis of the locations of the sites of substitution indicates that they are highly segregated to the surface: V14A (160 Å 2 ) is the N-terminal residue; N18I (92 Å 2 ) is separated from T25H (149 Å 2 ) by two turns on the hydrophilic face of helix A; Q29R (208 Å 2 ), L32N (105 Å 2 ), and F37P (88 Å 2 ) are in loop AA' and are well-exposed with no long-range NOEs; G42S (87 Å 2 ) and Q45M (99 Å 2 ) are in helix A', N51R (125 Å 2 ) is in the first position of the type I turn between helices A' and B; R55T (33 Å 2 ), E591 (111 Å 2 ) and N62V (23 Å 2 ) are on helix B; and S67H (145 Å 2 ) and Q69E (159 Å 2 ) are part of the reversal in chain direction between helices B and C. Only R55T and N62V are somewhat buried. Despite the large number of substitutions, the hydrophobic interior has been preserved. The retention of biological activity and similar helical contents make it unlikely that the overall conformation of these proteins could differ substantially, and the localization of the mutations on the surface would make it easier to accommodate such a large number of substitutions without grossly altering the fold. It is interesting that the recently reported crystal structure of an affinitymaturated mutant of hGH, which had a similar number of substitutions distributed throughout the sequence, showed that most of the structure remains unchanged when compared with the wild-type protein in the receptor-bound state . Thus, it is plausible that SC-65369 could have a similar degree and kind of structural alteration.
Compared to native hIL-3, SC-65369 is missing the first 13 residues at the N terminus and the last eight residues at the C terminus. Circular dichroism spectroscopy and secondary structural predictions suggest that these N and C-terminal additions adopt extended conformations rather than extending the length of either helix A or helix D (Freeman et al., 1991) . The fact that SC-65369 retains full activity suggests that whatever structure these missing residues might adopt, it is not important for growth promoting activity. Similar observations have been made for other truncation variants (Olins et al., 1995; Thomas et al., 1995; P. Olins & C. Bauer, unpublished results) which were actually shown to have a modest increase in activity (Olins et al., 1995) , which further argues against these residues being required for recognition and signal transduction.
hIL-3 has two consensus Asn-X-Thr/Ser sites that are potentially glycosylated, viz. Asn15-Cys16-Thr17 and Asn70-Ala71-Ser72. Like many N-glycosylation sites in proteins, Asn70 occurs in a chain reversal, occupying the i + 3 position of the type II turn occurring at residues 68 to 71. Covalent modification by N-linked carbohydrate at this solvent exposed site is unlikely to substantially alter the conformation.
Comparison of the four-helical bundles of SC-65369, GM-CSF and IL-5
At the outset of this study, published sequence alignments predicted that IL-3 is a short-chain cytokine that is most closely related to GM-CSF and IL-5 (Rozwarski et al., 1994) , which share a common b-subunit of the high affinity receptor with IL-3 (Kitamura et al., 1991; Tavernier et al., 1991) . Both the GM-CSF and IL-5 structures have been solved using crystallographic methods (Diederichs et al., 1991; Walter et al., 1992; Milburn et al., 1993) . GM-CSF is folded into the same up-up-down-down arrangement of the four helices as described here for SC-65369. Indeed, the two structures can be superimposed to 1.71 Å when 62 C a atoms in the four-helical bundle core are considered (Figure 8(a) ). As discussed in detail below, however, a key difference in the hIL-3 fold is the arrangement and conformation of the loops that connect helix A to B and helix C to D. IL-5 exists as a dimer that has been described as a head-to-head pair of interdigitated four-helix bundles composed of three Nterminal helices from one chain and a single C-terminal helix from the other chain (Milburn et al., 1993) . The topology of each IL-5 four-helix bundle is thus quite similar to GM-CSF with the exception that loop CD and helix D is contributed by the other polypeptide chain. Using a composite monomer of the four-helical bundle structural domain of IL-5, a high degree of structural similarity is evident between SC-65369 and IL-5 by superimposing 58 equivalent C a atoms with a resultant r.m.s.d. of 1.96 Å (Figure 8(a) ). Based on the optimal superposition of the helical bundles, the proposed sequence alignment of the helical regions (Rozwarski et al., 1994 ) is revised as shown in Figure  8(b) . Nearly all conserved residues among the three proteins, such as Leu27, Leu78, and Leu111 (IL-3 numbering), are buried in a conserved core, which is likely to be important for structural integrity. Only Glu22 is largely exposed to the solvent, and mutagenesis studies indicate that this residue is likely to be important for interacting with the common b-subunit of the high affinity receptor (Lopez et al., 1992b ; B. K. Klein, unpublished results).
The loop AB crossover and classification of helical cytokines
Despite the remarkable diversity in primary sequences, all members of the hematopoietic growth factor family whose structures are known to date display the common up-up-down-down lefthanded four-helix bundle topology. In a recent paper, Karplus and co-workers (Rozwarski et al., 1994) modified and extended the original taxonomic classification of four a-helical bundle cytokines into three subfamilies: the short-chain cytokines (known structures GM-CSF, IL-5, IL-2, IL-4, and M-CSF); the long-chain cytokines (known structures GH, G-CSF and LIF); and the interferon-like cytokines (known structures interferon-b, interferon-g and IL-10). The short-chain cytokines are typified by (1) sequences of 105 to 145 residues, (2) short helices of 10 to 15 residues, (3) V of 30 to 40°between the antiparallel pairs of helices (i.e. A-C and B-D), and (4) a loop AB that passes behind helix D and then under loop CD before forming a short two-stranded antiparallel b-sheet with loop CD. In contrast, the long-chain cytokine bundles are recognized as Figure 8 . (a) Superposition of the four-helical core of GM-CSF (yellow), SC-65369 (magenta), and IL-5 (green); only ribbons for residues 14 to 27, 52 to 84, and 104 to 118 of GM-CSF; residues 15 to 28, 51 to 85, and 105 to 123 of SC-65369; and residues 6 to 19, 47 to 59, 65 to 79 of the first chain, and 97 to 112 of the second chain of IL-5 are displayed. The r.m.s.d. is 1.71 Å between GM-CSF and SC-65369 (62 C a atoms: residues 15 to 28, 51 to 65, 68 to 85, and 105 to 119 in SC-65369; and residues 14 to 27, 52 to 66, 67 to 84, and 104 to 118 in GM-CSF), and 1.96 Å between IL-5 and SC-65369 (59 C a atoms: residues 15 to 28, 56 to 68, 71 to 85, and 108 to 123 in SC-65369; and residues 6 to 19, 47 to 59, 65 to 79 of the first chain, and 97 to 112 of the second chain of IL-5).
(b) Structure-based sequence alignment of SC-65369 with GM-CSF and IL-5. The amino acid residues used for the superpositions illustrated in (a) are underlined for GM-CSF and IL-5. Conserved and conservatively substituted residues are shown in boxes. In SC-65369, these residues have the following solvent accessible areas: M19, 54 Å 2 ; I20, 0. having (1) longer sequences (160 to 200 residues), (2) longer helices (ca 25 residues), (3) a smaller angle between the A-C and B-D pairs (<20°), and (4) a-helices in overhand loops, and a loop AB that crosses in front of helix D and which remains in front of loop CD. The interferon-subfamily has (1) helix packing angles similar to the short-chain cytokines, (2) a loop AB crossover similar to the long-chain family and (3) a long ''up'' helix in loop CD which forms part of the core structure. Distinct differences between the structures of SC-65369, GM-CSF and IL-5 lie in the secondary structure and arrangement of the two crossover segments, loops AB and CD. In both GM-CSF and IL-5, short stretches of b-sheet occur between adjacent stretches of loops AB and CD, whereas in SC-65369 a short helix resides in loop AB (residues 42 to 49; helix A') and an irregular structure exists in loop CD. We note that GM-CSF does have approximately one turn of 3 10 -helix in loop AB (residues 33 to 36; Diederichs et al., 1991) , but that this occurs immediately after helix A, and hence places it at the top of the helical bundle distal to the chain termini, whereas helix A' in the hIL-3 variant is at the end of loop AB and is on the side of the bundle adjacent to helix D (Figure 9) . A second significant difference is the position of the AB segment relative to the CD loop and helix D. The AB loop in GM-CSF penetrates the space between loop CD and helix D in what has been described as a ''threaded'' topology (Diederichs et al., 1991) . Although less obvious in IL-5 due to the novel dimer arrangement, the position of its AB loop is Figure 9 . Ribbon representations of (a) GM-CSF and (b) SC-65369 with the differences in the AB loop conformation highlighted in gold and cyan, respectively. Illustration generated using RIBBONS (Carson, 1991) . similar to that of GM-CSF. In the structure of SC-65369, the AA' loop resides in front of the N-terminal half of helix D. Clearly, the IL-3 fold suggests a need to re-examine the defining features of the consensus structure for the short-chain cytokines (Rozwarski et al., 1994) . Rather than resembling the other short-chain cytokines, the SC-65369 crossover has features of the long-chain family in terms of the relative position of the AB and CD loops, and features of the interferon-like family in terms of having a structurally integrated helix. However, there are distinct differences between SC-65369 and either the long-chain family or the interferon-like family. Whereas helix A' appears to be an integral part of the SC-65369 core structure on the basis of its low atomic r.m.s.d., rigidity as indicated in 15 N dynamics studies, and the surface area buried by helix D and loop CD, the mini-helices observed in the AB loop of hGH (de Vos et al., 1992; Ultsch et al., 1994) are not tightly packed to the four-helix bundle and display a higher degree of mobility than the helical core. Similar situations exist for the short helices in G-CSF (Hill et al., 1993; Lovejoy et al., 1993; Zink et al., 1992 Zink et al., , 1994 Werner et al., 1994) and LIF (Robinson et al., 1994) . The absence of any helix in loop CD in SC-65369 distinguishes it from the interferons. It is interesting to note that a ''nascent'' helix was observed in loop AB immediately preceding helix B in IL-4 Redfield et al., 1992) , where helix A' resides in SC-65369. The nascent helix displayed NOEs characteristic of a helical conformation, but the 3 J NHa coupling constants were inconsistent with helical structure.
The determination of whether IL-3 is the only exception to the rule for AB crossovers in short-chain cytokines must wait for other shortchain cytokine structures to emerge. Most comparative studies of affinity and selectivity to date have focussed on differences in the surface residues of helices A and D, and have tended to rely on interpretations borrowed from the structure of the GH-GHR complex (Metcalf & Nicola, 1995) . The functional importance of the AB loop and the mini-helix in the AB loop of cytokines has also been described for the GH-GHR and GH-PRLR complexes (de Vos et al., 1992; Somers et al., 1994) . While residues within helices A and D clearly play a role in receptor interaction, the observed differences between the structural features of these loops among GM-CSF, IL-5 and the IL-3 variants suggests that these regions are likely to be important for the observed specificity of the corresponding receptor a-subunits. Extensive mutagenesis studies to be described elsewhere support this hypothesis (B. K. Klein, unpublished results).
Materials and Methods
Interproton distance and dihedral angle constraints SC-65369 (P. Olins and C. Bauer, unpublished results) is a recombinant protein consisting of residues 14 to 125 of wild-type hIL-3 (Yang et al., 1986) with amino acid substitutions at 14 of 112 positions: V14A, N18I, T25H, Q29R, 132N, F37P, G42S, Q45M, N51R, R55T, E59L, N62V, S67H, and Q69E. (U-15 N)-labeled and (U-15 N, 13 C)-doublelabeled SC-65369 samples were prepared and characterized as described in a previous study (Feng et al., 1995) . The interproton distance constraints were derived using the resonance assignments reported previously (Feng et al., 1995) and NOEs determined at pH 4.6 and 30°C from a 3D simultaneously 13 C, 15 N-edited NOESY-HSQC spectrum recorded on a double-labeled sample with a mixing time of 130 ms and a 3D 1 H-15 N HMQC-NOESY-HMQC spectrum (Ikura et al., 1990) recorded on an 15 N-labeled sample with a mixing time of 140 ms. Ambiguity in the assignment of some long-range NOEs was eliminated by consulting either an 15 N-edited NOESY-HMQC spectrum (Marion et al., 1989; Zuiderweg & Fesik, 1989) of an 15 N-labeled sample in H2O or a 13 C-edited NOESY-HMQC spectrum (Ikura et al., 1990 ) of a double-labeled sample in 2 H2O. The acquisition and processing details for these experiments were given by Feng et al. (1995) . The backbone 3 JNHa coupling constants extracted from a 2D 1 H-15 N HMQC-J spectrum Forman-Kay et al., 1990) were also reported earlier (Feng et al., 1995) . A 3D simultaneously 13 C, 15 N-edited ROESY-HSQC spectrum was recorded using similar acquisition parameters as for the corresponding NOESY-HSQC experiment in order to confirm that certain cross-peaks were due to cross-relaxation and not to chemical or conformational exchange. 15 15 Nlabeled SC-65369 sample at 30°C on a triple-resonance Varian Unity 500-MHz spectrometer equipped with a pulsed-field gradient unit and a 5-mm triple-tuned probe using pulse sequences described by Farrow et al. (1994) . In order to minimize solvent saturation, the spin-lock pulses were replaced by selective pulses that keep the H2O signal along the z-axis . Solvent suppression was achieved by using gradient pulses and all relaxation experiments employed the enhanced sensitivity method (Kay et al., 1992) . 15 N T1 values were determined from 12 spectra with T1 delays of 22, 56, 100, 178, 255, 366, 466, 555, 699, 888, 1110, and 1380 ms. Similarly, 15 N T2 parameters were extracted from 11 spectra collected with T2 delays of 17, 34, 50, 67, 84, 101, 118, 134, 151, 168 , and 185 ms. The delays between scans were 1.5 seconds in the T1 experiments and 1.7 seconds in the T2 experiments. In the experiment recorded in the presence of 15 N 4 1 H5 NOEs, protons were saturated for three seconds, while the reference experiment employed a compensating delay of three seconds. The spectra were recorded with spectral widths of 6400 Hz (F2:
N relaxation measurements
1 H) and 1265 Hz (F1:
15 N) using 1024 × 100 complex matrices for T1 spectra, 1024 × 95 complex matrices for T2 spectra, and 1024 × 80 complex matrices for NOE spectra. Pure absorptive line shapes were obtained as described by Kay et al. (1992) , and all spectra were processed using Triad (Tripos Associates, St Louis, MO) on Sun or Silicon Graphics workstations. Data in the F1 dimension were extended to 200 complex points for T1 data, 190 complex points for T2 data, and 160 complex points for NOE data using the mirror-image linear prediction routine implemented in Triad and then zero-filled to 512 points. Cosine and Gaussian window functions were applied along F1 and F2, respectively, and the final size for each spectrum was 1024 × 512 real points.
Structure calculations
Inter-proton NOEs were identified using previously published assignments through an iterative process. Several phases of structure calculations were carried out, starting with a preliminary phase in which only unambiguous long-range NOE constraints were included in order to generate an initial model, which was then used to resolve remaining ambiguities in the long-range NOE assignments. Subsequent phases, which eventually included the full set of constraints, were used to refine the final structures presented in this paper. The NOE intensities were classified into strong, medium, weak, or very weak, corresponding to distance bounds of 1.8 to 2.7, 1.8 to 3.5, 1.8 to 5.0, and 1.8 to 6.0 Å , respectively. The initial cutoffs were based on the intensities of cross-peaks between NH(i ) − NH(i + 1) and C a H(i ) − NH(i + 3) in helical stretches and these cutoffs were empirically refined at a later stage. Currently, no stereospecific assignments are available for the methylene protons or methyl groups of Leu and Val, and so the pseudoatom correction was applied to constraints involving these protons (Wü thrich, 1986 ). In addition, upper bounds for distances involving methyl groups and aromatic ring protons were increased by 0.5 Å (Clore & Gronenborn, 1987) . The single disulfide cross-link between Cys16 and Cys84 was explicitly introduced by constraining the S16-S84 distance and the bond angles formed by C b 16 -S16 and S16-S84, and by S16-S84 and S84-C b 84 . Constraints on the backbone dihedral angle f were derived from the 3 JNHa coupling constants, and were used according to the Karplus relationship whenever the measured 3 JNHa were less than 6 Hz or greater than 8 Hz. For residues in helical stretches and turns with measurable 3 JNHa, the angular values defined by the Karplus relationship were used with a range of 230°. For residues in helical stretches with unresolved 3 JNHa (estimated <5 Hz), the lower and upper limits corresponded to −66°a nd 0°, respectively. For residues with 3 JNHa > 8 Hz, f = −150°to −90°were used as constraints. For other residues with 3 JNHa < 6 Hz, the range was restricted to −180°and 0°.
Hydrogen bond constraints were explicitly introduced on the basis of protection against solvent exchange, the presence of appropriate NOEs (e.g. C a H(i ) − NH(i + 4) in helical regions) and the following iterative process, essentially as described by Kraulis et al. (1989) . An initial set of 13 hydrogen bonds in either helical or turn conformations was assigned based on NOE connectivity patterns. A family of preliminary structures, each with not more than one NOE violation greater than 0.5 Å , was then used to assign hydrogen bonds. Both the distance between the amide nitrogen atom and the carbonyl oxygen atom (dNO) and the angle formed by the amide nitrogen atom, amide hydrogen atom and carbonyl oxygen atom (AN-HN-O) were considered. For a hydrogen bond to be assigned, the average dNO ( dNO ) must not be greater than 3.3 Å , dNO plus one standard deviation must not be greater than 3.5 Å , the average AN-HN-O ( AN-HN-O ) must not be less than 125°, and AN-HN-O minus one standard deviation must not be less than 110°. Sixteen hydrogen bonds were assigned using the above criteria. Ten additional hydrogen bonds in helical regions were assigned by criteria slightly relaxed in distance or angle requirement, but not in both, in which dNO must not be greater than 4.0 Å , dNO plus one standard deviation must not be greater than 4.5 Å , or AN-HN-O must not be less than 115°, and AN-HN-O minus one standard deviation must not be less than 110°. This procedure resulted in the assignment of hydrogen bonds involving 39 of the 52 slow-exchanging backbone amide protons. Each hydrogen bond was constrained by the amide proton to carbonyl oxygen atom (1.8 to 2.2 Å ) and the amide nitrogen atom to carbonyl oxygen atom (2.8 to 3.2 Å ) distances.
The calculation strategy used the hybrid distance geometry-simulated dynamical annealing methods (Nilges et al., 1988) as implemented in the program XPLOR 3.1 (Brü nger, 1988 (Brü nger, , 1992 , with parameters in the file parallhdg.pro modified to correct the planarity of the Arg guanidino group. Substructures were produced initially, followed by simulated annealing with all atoms. The structures were then subjected to cycles of simulated annealing using progressively decreasing initial temperatures and longer cooling times. Analysis of the structures was carried out using the tools available in XPLOR and the program DSSP (Kabsch & Sander, 1983) . Surface areas were calculated using the XPLOR implementation of the method of Lee & Richards (1971) with a probe size of 1.4 Å . The molecular dimensions were calculated using CHARMM (Brooks et al., 1983) , while the structural alignments with GM-CSF and IL-5 were optimized with O (Jones et al., 1991) using coordinate files 1gmf.pdb and 1hul.pdb. Structural illustrations were produced using INSIGHT (Biosym, San Diego), MOLSCRIPT (Kraulis, 1991) , and RIBBONS 2.5 (Carson, 1991) .
Analysis of backbone dynamics
Cross-peak heights were measured in Triad (Tripos Associates, St Louis, MO). T1 and T2 values were determined by a weighted non-linear least-squares procedure to fit the cross-peak intensities to a single exponential decay law, and the uncertainty in the fitted parameters was estimated from 500 Monte Carlo simulations as described by Palmer et al. (1991) . For residues that exhibit resolved chemical shift heterogeneity, cross-peak intensities were analyzed individually; the model-free analysis used the averaged values of T1, T2 and NOE. When one-half of the difference between the relaxation parameter values (T1, T2 or NOE) for the two populations was greater than the largest of their uncertainties, then this difference was used as the uncertainty for the model-free analysis; otherwise, the largest of the two uncertainties was used. If only one cross-peak could be resolved sufficiently to obtain intensity information, the relaxation data on the resolved signal was used to represent that residue. Twenty residues exhibited resolved heterogeneous amide nitrogenamide hydrogen cross-peaks. The differences in T1 values of the two sets of cross-peaks were found to fall within the experimental uncertainties for all 20 residues, as did T2 values for 13 of the 20 residues and NOE values for 16 of the 20 residues. Six residues displayed T2 differences that exceeded uncertainties by up to 60%, while one exceeded the uncertainty by twofold. Four residues had NOE differences greater than the experimental uncertainties by 0.5 to tenfold; only two of them overlapped with those that had large T2 differences. These findings indicate that the averaging procedure described above gives a reasonably accurate description of the dynamic behavior of the backbone despite the existence of chemical shift heterogeneity.
The relaxation data were analyzed using the model-free formalism of Lipari & Szabo (1982) , or the extension of this method developed by Clore et al. (1990) , as implemented in the model-free analysis program of Palmer et al. (1991) . After an initial estimate of the global tumbling time tm from the ratio T1/T2, the T1, T2 and NOE data for each residue were tested in models that contain: (1) S 2 only; (2) (S 2 , te); (3) (S 2 , Rex); (4) (S 2 , te, Rex) and (5) (S 2 f , S 2 s , ts), respectively, where S 2 is the order parameter, which reflects the extent of the 1 H-15 N internuclear unit vector motion, te refers to an effective correlation time, which reflects the time scale of the internal motion of the 1 H-15 N internuclear vector, Rex is a rate constant for other pseudo-first-order relaxation processes, and S 2 f and S 2 s are order parameters for rapid and slow time-scale internal motions in the two-time scale formalism (see Clore et al. (1990) for detailed definitions). The simplest model was chosen from among these five in which all three experimental relaxation parameters could be fitted within 1.96 times the experimental uncertainties. With the appropriate models determined for each residue, the global tumbling time, and the local internal motion parameters were optimized simultaneously. Tables listing all of the relaxation parameters and their estimated uncertainties are available upon request.
